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We present a theoretical model of adsorption–desorption (AD) noise in microﬂuidic biosensors operating
in multianalyte environments. This noise is caused by the stochastic nature of the processes that generate
the sensor response: reversible adsorption of n analytes coupled with mass transfer (convection and dif-
fusion) of analyte particles through the microﬂuidic channel to and from the surface binding sites. The
parameters of the obtained analytical expression for the AD noise power spectral density, determining
the shape of the noise spectrum, contain information on the concentrations of all the adsorbing species,
their association and dissociation rate constants, mass transfer coefﬁcients and molecular masses. The AD
noise spectrum, therefore, offers additional data about multiple analytes, apart from those obtained by
the commonly used time domain analysis of sensor response. Therefore the derived model of AD noise
contributes to the theoretical basis necessary for the development of new methods for determination
of target analyte parameters in complex samples or even for simultaneous detection of multiple analytes
using a single sensor, based on the measured noise spectrum.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
The ﬁeld of microﬂuidic afﬁnity-based biosensors is very attrac-
tive and dynamic in contemporary science. One reason for that is
the increasing importance of biosensing technologies in many
ﬁelds, including healthcare, pharmaceutical research, environmen-
tal protection, food quality control etc. Another reason are numer-
ous advantages of microﬂuidic sensors that stem from their small
size (high efﬁciency, fast analysis and low reagent consumption),
geometry (high surface-to-volume ratio, which is especially conve-
nient for surface-based sensing), applicability of highly sensitive
label-free detection methods, and the possibility for direct integra-
tion with microelectronic circuits for continuous data acquisition
and analysis. Microﬂuidic sensors thus have a great potential for
new applications, especially as portable integrated low-cost
devices that can perform real-time in-situ analysis of native biolo-
gical samples (e.g., for rapid personalized health or environmentalmonitoring). However, native biological samples often constitute a
multianalyte environment for a sensing element, as they contain
several species that can produce the sensor response. Achieving
the required sensor sensitivity and selectivity for the target analyte
in complex samples is a challenging task, and so are measurement
data processing and interpretation. The task becomes especially
difﬁcult when it is necessary to detect the target analyte present
in a trace concentration in a complex biological sample containing
interferers which may be present at orders of magnitude higher
concentrations. Additional measurement data, apart from those
commonly obtained from the time domain analysis of a sensor’s
response, would be useful for the development of more reliable
measurement methods of the target analyte parameters in com-
plex samples.
Simultaneous detection of multiple analytes in a sample offers
advantages of requiring smaller quantities of the sample, lower
cost per test, and the increased throughput efﬁciency compared
to conventional single-analyte detection techniques [1]. Microﬂu-
idic devices that can perform parallel detection of multiple ana-
lytes, which are based on complex microsystems, have already
been reported [2]. Multianalyte detection is usually based on sen-
sor arrays (with a multitude of differently functionalized sensing
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detection of multiple analytes using a single sensing surface is an
ultimate goal in multianalyte sensing, as it would result in the
most compact and economical sensor. Both the analysis and the
interpretation of measurement results are very complex in the case
of simultaneous multianalyte detection, so there is a need for new
methods able to extract additional data.
A frequency domain analysis of sensor noise was proposed [7,8]
and recently experimentally veriﬁed [9,10] as a method capable of
providing information in addition to those obtained by the com-
monly used measurement procedures in chemical and biological
sensing. In order to devise new methods for quantiﬁcation of the
target analyte parameters or even for simultaneous detection of
multiple analytes based on the measured noise spectrum, theoreti-
cal models of noise in biosensors are needed for practically rele-
vant situations. They are also necessary for estimation of sensors’
limiting performance and for optimization of sensor design and
experiments in order to improve the limiting performance.
In this paper we present a theoretical model of adsorption–des-
orption (AD) noise in microﬂuidic biosensors operating in multi-
analyte environments. This noise is caused by the stochastic
nature of the processes that generate the sensor response, and is
therefore inevitable. The processes are: reversible adsorption of n
analytes (nP 2, each with a certain afﬁnity for the same binding
sites on the sensor surface), coupled with mass transfer (convec-
tion and diffusion) of analyte particles through the microﬂuidic
channel to and from the binding sites. The model is a generaliza-
tion of the previously devised models of AD noise [11–13], since
it is valid for an arbitrary number of analytes and takes into
account mass transfer effects. It is developed for microﬂuidic sys-
tems in which the mass transfer boundary layer is thin compared
to both the channel height and the sensing surface length (often
valid for biomolecule transport in channels whose height is of
the order of 10 lm or greater, in various sensors using surface-
based detection methods [14–16]). By using the derived theoretical
model we analyze the potential of the AD noise measurement in
terms of additional information that can be obtained about the
analytes in a multianalyte sample.2. Theoretical considerations
The common geometry of a microﬂuidic channel in adsorption-
based biosensors is shown in Fig. 1 [15,17,18].
The sensor operation is based on the reversible adsorption
(binding) of analyte particles from the sample solution on the sens-
ing surface, which causes the measurable change of a certain sens-
ing parameter. Since a binding event can occur only when the
analyte particle is in the vicinity of the surface binding site, theFig. 1. Schematic representation of the common geometry of a microﬂuidic channel
in adsorption-based biosensors. The proﬁle of the ﬂow velocity of a sample
containing analytes is shown, assuming a laminar ﬂow. The longitudinal section
(denoted by a dashed line) shows a distribution of biological analyte concentration
in microﬂuidic channels, allowing for the two-compartment model approximation
of the analyte concentration in the channel to be used.transport processes (convection and diffusion), by means of which
particles are carried to and from the binding sites, are also impor-
tant for the sensor response generation. We assume 1:1 binding of
molecules of n analytes (nP 2) to the surface binding sites and no
interaction between analyte molecules. Then, for the uniform sur-
face density of the binding sites, gm, deﬁning the total number of
binding sites Nm = gmA on the sensing surface of area A, and assum-
ing that all binding sites are equivalent (i.e., they have the same
value of the adsorption rate constant kﬁ and the same value of
the desorption rate constant kri, for the ith analyte, 1 6 i 6 n), Eq.
(1) can be written, describing the change of the number of
adsorbed particles Ni of each of n analytes in time
dNi
dt
¼ kfiCSiðNm 
Xn
j¼1
NjÞ  kriNi; i ¼ 1; 2; . . . ; n ð1Þ
The concentration of the ith analyte adjacent to the sensing sur-
face, CSi, is the time-varying quantity. The concentrations CSi are
obtained by solving n continuity equations that describe the
change of concentration Ci of each of the analytes at every point
within the microﬂuidic channel in time, with appropriate initial
and boundary conditions. This is an extremely complex problem,
since it involves partial differential equations mutually coupled
by a boundary condition pertinent to the sensing surface at which
competitive adsorption of all analytes occur. However, for
microﬂuidic systems in which the mass transfer boundary layer
is thin compared to both the channel height and the sensing sur-
face length (often valid for biomolecule transport in channels
whose height is of the order of 10 lm or greater, in various sensors
using surface-based detection methods, such as surface plasmon
resonance, quartz crystal microbalance, thin ﬁlm bulk acoustic
wave resonators etc. [14–16]), it is justiﬁed to use the two-com-
partment model approximation for the analytes concentration in
the channel. According to the model, the analyte concentration in
the compartment away from the sensing surface is constant in
time and uniform in space, and equal to the concentration C0i in
the sample solution entering the microﬂuidic channel. In the other
compartment, adjacent to the sensing surface, the concentration
changes due to the transport of analyte molecules between the
compartments (described by the mass transfer coefﬁcient kmi)
and the binding–unbinding reactions occurring on the functional-
ized surface. Then, the quasi-steady state condition [15] implies
the balance between the transport ﬂux (kmi(C0i  CSi)) from the
far compartment onto the sensing surface and the net AD ﬂux
((dNi/dt)/A), which ﬁnally, in combination with Eq. (1), yields the
system
dNi
dt
¼ kfiðC0i þ kriNi=ðkmiAÞÞ
1þ kfiðNm 
Xn
j¼1
NjÞ=ðkmiAÞ
ðNm 
Xn
j¼1
NjÞ  kriNi
¼ giðN1; N2; . . . ; NnÞ ð2Þ
i = 1,2, . . .,n. The system (Eq. (2)) completely describes the change of
the quantities N1,N2, . . .,Nn in time, that reach the equilibrium value
Nie ¼ ðNmC0ikfi=kriÞ=ð1þ
Xn
j¼1
C0jkfj=krjÞ ð3Þ
Taking into account the weight factors ri (i = 1,2, . . .,n) that
quantify the contribution of a single adsorbed particle of each of
the analytes to the sensor response, the sensor response is
expressed as
RðtÞ ¼ r1N1ðtÞ þ r2N2ðtÞ þ    þ rnNnðtÞ ð4Þ
The physical meaning of the factors ri depends on the nature of the
measured parameter that changes proportionally to the number of
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surface plasmon resonance sensors, the adsorbed mass in mechan-
ical resonant sensors etc.).
The number of the adsorbed particles is a random process, due
to the stochastic nature of adsorption–desorption processes cou-
pled with mass transfer. Assuming small ﬂuctuations DNi of Ni
around the equilibrium value Nie, linearization of Eq. (1) is per-
formed, yielding the n coupled Langevin equations for ﬂuctuations
dDNi
dt
¼ 
Xn
j¼1
@gj
@Nj

e
 DNj
 
þ ni ¼ 
Xn
j¼1
ðKjiDNjÞ þ ni ð5Þ
where
Kji ¼ kfiC0i=ð1þ kfiNfree;e=ðkmiAÞÞ; j–i ð6Þ
Kii ¼ ðkfiC0i þ kriÞ=ð1þ kfiNfree;e=ðkmiAÞÞ ð7Þ
i = 1,2, . . .,n, j = 1,2, . . .,n, ni is the ith Langevin source function (these
n source functions are mutually statistically independent), and
Nfree,e being the number of binding sites free for analytes adsorption
in equilibrium
Nfree;e ¼ Nm 
Xn
j¼1
Nje ð8Þ
Multianalyte AD processes belong to multivariate birth–death
stochastic processes (BDSP), thus the usual Langevin procedure
for BDSP [19] can be applied for their analysis. The system of Eq.
(5) can be shown in the frequency domain (x = 2pf, f is the Fourier
frequency)
ðKii þ jxÞDNiðjxÞ þ
Xn
j¼1
i–j
KjiDNjðjxÞ
  ¼ niðjxÞ
and then in the matrix form of the Langevin equations which is
more convenient for further analysis
DNðjxÞ ¼ ðKþ jxIÞ1  nðjxÞ ð9Þ
Here, DN(jx) and n(jx) are the column vectors of n elements DNi(-
jx) and ni(jx) (i = 1,2, . . .,n), respectively, K is the square n  n
matrix with elements Kij (i,j = 1,2, . . .,n), and I is the n  n unity
matrix.
The AD induced ﬂuctuations of the sensor response DR result
from the ﬂuctuations of the number of adsorbed particles of all n
analytes, based on Eq. (4). They can be shown in the frequency
domain and by matrix equation (r is the row vector of n elements
ri, and ‘‘’’ denotes the matrix multiplication)
DRðjxÞ ¼ r  DNðjxÞ ð10Þ
The AD noise power spectral density can be now expressed as
S2ADðxÞ ¼ DRðjxÞDRðjxÞ ¼ r  ðDNðjxÞ  DNTðjxÞÞ  rT
which based on Eq. (9) yields
S2ADðxÞ ¼ r  ðKþ jxIÞ1  S2n  ððK jxIÞ1Þ
T  rT ð11Þ
The square n  n matrix Sn2 is the diagonal matrix whose ele-
ments are spectra ni(jx)ni(jx) = 4kriNie of the Langevin source
functions [19]. It can be shown by mathematical transformations
of the expression given in Eq. (11) that it has the form of rational
function, with a polynomial of nth degree in the denominator,
and with a polynomial of (n  1)th degree in the numerator [20].
After factorization of these polynomials the AD noise power spec-
tral density can be expressed in the form
S2ADðf Þ¼ V
Yn1
j¼1
1þ ðf=f zjÞ2
  !, Yn
k¼1
1þ ðf=f pkÞ2
  !
ð12Þwhich explicitly shows the frequency dependence. The constants V,
fzj and fpk, (1 6 j 6 n  1,1 6 k 6 n), determining the shape of the
noise spectrum, contain information on the concentrations of all
the adsorbing species, their association and dissociation rate con-
stants, molecular masses and mass transfer coefﬁcients, and depend
also on the system parameters (microﬂuidic channel dimensions,
sensing surface dimensions, surface density of binding sites).3. Results of numerical calculations and discussion
Using the presented theoretical model of AD noise, valid for
multianalyte environments in biosensors with microﬂuidic
reaction chambers, we analyze the simultaneous adsorption of
three analytes (e.g., proteins). We assume that the sensor response
is determined by the total mass of particles adsorbed on the
sensing surface, i.e., that the contribution of a single adsorbed
particle of each of the three analytes is determined by the
particle mass. Therefore, the weight factor ri in Eq. (4) is the mass
of one particle of ith analyte, Mi. The parameter values are as
follows: C02 = 0.5C03 = 5  108 M (1 M = 103 mol/m3), M1 = 6M2 =
10M3 = 30,000 Da, km1 = 5km2 = 5km3 = 5  106 m/s, kf1/kr1 =
250kf2/kr2 = 315kf3/kr3 = 109 M1, A = 109 m2, gm = Nm/A = 5 109
mol/m2. The range of the concentration C01 used in the analysis
is between 1012 M and 106 M.
Fig. 2a shows the dependence of AD noise spectral density on
the concentration of the analyte 1. It can be seen that the spectrum
shape changes depending on the concentration C01: the observable
number of the characteristic frequencies, where the spectral curve
bends, varies between one and ﬁve, and so does their value. The
spectrum low-frequency plateau value (parameter V in Eq. (12))
also changes with C01.
The characteristic frequencies (fz1, fz2, fp1, fp2, fp3) can be seen
more clearly when the spectral density SAD2(f) is multiplied by
the frequency f, as shown in diagram in Fig. 2b, for three different
values of C01 (solid line: C01 = 1012 M, dashed line: C01 = 109 M,
dashed-dotted line: C01 = 107 M): frequencies fp correspond to
the observable maxima, and frequencies fz to the observable
minima. This diagram enables a more accurate determination of
the characteristic frequencies. The variation of the number of
observable characteristic frequencies of the noise spectrum can
be explained using the diagram in Fig. 2c. It shows the calculated
characteristic frequencies of the spectrum as the functions of the
concentration C01. It can be seen that for the certain values of C01
pairs of frequencies fz and fp with approximately equal values can
exist, so neither of them can be noticed in the experimentally
obtained spectrum.
By ﬁtting the Eq. (12) to the experimental data the parameters
V, fz1, fz2, fp1, fp2 and fp3 are obtained. As the presented theoretical
model of AD noise provides analytical expressions for these six
noise spectrum parameters as functions of the concentrations
and other parameters of the three analytes, we obtained six equa-
tions that can be used for simultaneous determination of a greater
number of parameters than in a case of using only the data
obtained by the common measurement procedures in chemical
and biological sensing (i.e., the time domain analysis of a sensor
response). In the case of n analytes, the number of equations that
connect their concentrations and other characteristic parameters
is 2n, which implies that they enable simultaneous determination
of the total of 2n parameters of analytes. Even if some of the char-
acteristic frequencies cannot be noticed in the experimentally
obtained spectrum, the mentioned ﬁtting yields 2n equations for
analytes parameters. Therefore the derived model of AD noise con-
tributes to the theoretical basis necessary for the development of
new methods for determination of the target analyte parameters
in complex samples or even for simultaneous detection of multiple
Fig. 2. (a) The AD noise power spectral density in biosensor operating in a three-analyte mixture, as a function of the analyte#1 concentration. (b) The spectral density SAD2(f)
multiplied by the frequency f for three different values of C01: C01 = 1012 M (solid line), C01 = 109 M (dashed line) and C01 = 107 M (dashed-dotted line). (c) The dependence
of the spectrum characteristic frequencies on C01.
I. Jokic´ et al. /Microelectronic Engineering 144 (2015) 32–36 35analytes using single sensing surface, based on the measured noise
spectrum.
In our future research the presented AD noise model will be uti-
lized in order to investigate the possibility of developing a method
in which the addition of known analytes to the sample containing
unknown analytes would enable determination of the unknown
analytes parameters as well as analyte identiﬁcation.4. Conclusion
Theoretical model is devised of the adsorption–desorption (AD)
noise in microﬂuidic afﬁnity-based biosensors operating with sam-
ples containing n analytes.
The parameters (the low-frequency plateau value and the char-
acteristic frequencies) determining the shape of the noise spec-
trum, contain information on the concentrations of all the
adsorbing species, their association and dissociation rate constants,
molecular masses and mass transfer coefﬁcients. The noise spec-
trum offers additional 2n equations for determination of para-
meters of analytes, apart from those obtained from the measured
time domain sensor response. This opens possibilities for the
development of more reliable methods for determination of the
target analyte parameters in complex samples and also for the
development of novel methods for simultaneous detection of mul-
tiple analytes using a single non-functionalized sensor, based on
the noise spectrum measurement.Acknowledgments
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